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1 Introduction 
 
One of the most important topics in nuclear physics is to understand properties of nuclei from the bare 
nuclear interactions. Three-nucleon forces (3NFs) play an important role for various nuclear phenomena. 
In the study of the deuteron- proton (d-p) scattering at intermediate energies (E/A ≳ 65 MeV), clear 
evidence of the 3NF effects were found at the cross section minimum. 
In recent years, much attention has been devoted to the 3NF effects in a system of 4N-scattering, e.g. 
p-3He scattering. The system is the simplest one for investigating nuclear interactions in the 3N 
subsystems with the total isospin T = 3/2. For the purpose of pinning down signatures of 3NFs in 
comparison with the rigorous numerical 4N calculations, we performed the measurements of p-3He 
elastic scattering at intermediate energies; the cross section and the proton analyzing power Ay at  
65 MeV, and the proton analyzing power Ay, the 3He analyzing power A0y, and the spin correlation 
coefficient Cy,y at 100 MeV. 
 
2 Measurement of Cross Section and proton analyzing power Ay for p-3He Elastic Scattering 
 
The measurement of the cross section and the proton analyzing power Ay at 65 MeV was performed 
using a polarized proton beam and a gaseous 3He target system at the WS beamline of the Ring 
Cyclotron Facility of Research Center for Nuclear Physics (RCNP), Osaka University. The data were 
taken in a wide angular range of θc.m. = 26.9◦–170.1◦. The absolute values of the cross section were 
deduced by normalizing the data to the p-p elastic scattering cross section given by the phase-shift 
analysis program SAID. For the cross section the statistical error is better than ± 2 % and the systematic 
uncertainties are estimated to be 3 % at most. For the proton analyzing power Ay, the statistical 
uncertainties were 0.02 or less and the systematic uncertainties were 0.02 at most.  
 
3 Polarized 3He Target for Spin Observable Measurement 
 
In order to extend the measurements to the spin observables including the spin correlation coefficient, 
we have developed the polarized 3He target system. The polarized 3He target is based on the 
spin–exchange optical pumping (SEOP) method which utilizes spin–exchange interactions between Rb 
atoms and 3He nuclei. We also adopted the alkali–hybrid SEOP (AH–SEOP) method which uses a 
mixture of Rb and K. The AH–SEOP method takes advantage of higher spin–transfer efficiency and 
remains the availability of optical pumping for Rb atoms. The 3He target is the double–chambered cell 
which consists of the target and pumping chambers made of GE180 glass and contains 3He gas with a 
pressure of 3 atm together with alkali–metals as well as N2 gas.  
The 3He polarization was determined by an AFP-NMR method and an EPR method. In addition, we 
performed the neutron transmission measurement at RANS, RIKEN which offers high-precision and 
direct measurement of the 3He polarization in the target chamber. The 3He target polarization was 
determined with an accuracy of 6.2 % and the maximum 3He polarization was 40 %. 
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4 Measurement of Spin Observables for p-3He Elastic Scattering 
 
The measurement of the spin correlation coefficient Cy,y as well as the proton and 3He analyzing powers 
at 100 MeV was performed at the ENN beamline of RCNP. We newly installed the polarized 3He target 
and detector system as well as the beam line polarimeter for this experiment. We obtained the 
experimental data in a wide angular range of θc.m. = 46.9◦–149.2◦. For the proton analyzing power Ay 
and the 3He analyzing power A0y, the statistical uncertainties are less than 0.02 and 0.03, respectively. 
The systematic uncertainties are estimated to be 0.02 or less. For the spin correlation coefficient Cy,y, the 
statistical uncertainties vary 0.01–0.06 depending on the measured angles, and the systematic errors do 
not exceed the statistical ones for almost the measured angles.  
 
5 Results of Comparison and Discussion 
The obtained results were compared to the rigorous 4N-scattering calculations based on the realistic 
nucleon-nucleon (NN) potentials and a model with ∆-isobar excitation. Clear discrepancies have been 
found for some of the measured observables, especially in the angular regime around the cross section 
minimum. For the cross section, the calculations with the NN potentials underestimate the cross section 
especially at the backward angles. It is also found that there is a large sensitivity of the calculations to the 
input NN forces at the minimum region. In addition, ∆-isobar contributions in the p-3He elastic 
scattering, which are estimated by the difference between the CD-Bonn+∆ and CD-Bonn calculations, 
are seen to the limited angles. 
Theoretical predictions using scaling relations between the calculated cross section and the 3He binding 
energy are not successful to reproduce the data. Large sensitivity found in the calculated cross sections 
for the NN potentials and rather small ∆-isobar effects in the cross section are noticed as different 
features from those in the d-p elastic scattering. For the spin correlation coefficient Cy,y, the angular 
dependent data at 100 MeV are mostly explained by taking into account ∆- isobar effects. This result 
indicates that the spin correlation coefficient Cy,y is a prominent observable to investigate the ∆-isobar 
effects in p-3He elastic scattering. 
 
6 Summary and Conclusion 
 
We investigated the p-3He elastic scattering at intermediate energies in view of pinning down signatures 
of 3NFs in comparison with the rigorous numerical 4N calculations. From the obtained results in this 
study, we conclude that the p-3He elastic scattering at intermediate energies is an excellent tool to 
explore the nuclear interactions including 3NFs that could not be accessible by the 3N scattering. Recent 
study of the chiral effective field theory (ChEFT) nuclear potentials intends to use the d-p scattering 
data at intermediate energies to derive the higher-order 3NFs. It would be interesting to see how the 
predictions with such 3NFs explain the data for the p-3He elastic scattering, that will enable us to 
perform detailed discussions of the effects of 3NFs including the isospin channels of T=3/2.  
Finally we note that the obtained data are the first precise data set of the cross section and spin 
observables including the spin correlation coefficient for p-3He elastic scattering at intermediate energies. 
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θ c.m.  = 26.9°–170.1°に於いて測定を行った。本厳密理論計算との直接比較を行うため、
同観測量の絶対値を陽子-陽子弾性散乱の測定を行う事によって見積り、系統誤差 3%、統計誤
差 2％の測定誤差で実験値を得る事に成功した。中居君は、更に陽子エネルギー100MeV にお
けるスピン相関係数 C y,y を含むスピン観測量の測定へと展開した。本測定を実現するため、
偏極 3He 標的を建設、及び偏極標的の絶対値評価を行い、標的偏極度 40%を達成した。そして
RCNP 東実験室にビームラインを新たに整備、偏極 3He 標的及びビームライン偏極度計を設置





特徴があることを示した。またスピン相関係数 C y,y はΔ励起効果が顕著な観測量である事を
明らかにした。本論文において中居真之介君は世界に先駆けて中間エネルギー陽子−3He 散乱
の微分断面積、およびスピン相関係数の高精度測定を実現し，同散乱系が厳密理論計算との
比較から三体核力を含む核力研究の新しいプローブである事を示す事に成功した。 
以上， 本博士論文は中居真之介君が自立して研究活動を行うに必要な高度の研究能力と学識
を有することを示している。よって中居真之介君の博士論文を，博士（理学）の学位論文と
して合格と認める。 
 
 
